When we applied a single pulse of transcranial magnetic stimulation (TMS) to any part of the human head during a saccadic eye movement, the ongoing eye velocity was reduced as early as 45 ms after the TMS, and lasted ϳ32 ms. The perturbation to the saccade trajectory was not due to a mechanical effect of the lid on the eye (e.g., from blinks). When the saccade involved coordinated movements of both the eyes and the lids, e.g., in vertical saccades, TMS produced a synchronized inhibition of the motor commands to both eye and lid muscles. The TMS-induced perturbation of the eye trajectory did not show habituation with repetition, and was present in both pro-saccades and anti-saccades. Despite the perturbation, the eye trajectory was corrected within the same saccade with compensatory motor commands that guided the eyes to the target. This within-saccade correction did not rely on visual input, suggesting that the brain monitored the oculomotor commands as the saccade unfolded, maintained a real-time estimate of the position of the eyes, and corrected for the perturbation. TMS disrupted saccades regardless of the location of the coil on the head, suggesting that the coil discharge engages a nonhabituating startle-like reflex system. This system affects ongoing motor commands upstream of the oculomotor neurons, possibly at the level of the superior colliculus or omnipause neurons. Therefore, a TMS pulse centrally perturbs saccadic motor commands, which are monitored possibly via efference copy and are corrected via internal feedback.
Introduction
The motor commands that initiate a saccadic eye movement to a given target location exhibit variability as reflected, for example, in peak velocity. Motor commands depend on the content of the stimulus (Xu-Wilson et al., 2009b) , the reward associated with the stimulus, the predictability of the stimulus (Straube et al., 1997; Golla et al., 2008; Xu-Wilson et al., 2009a) , and whether or not the stimulus is also the target of a reaching movement (Epelboim et al., 1997) . Despite this variability in the commands that initiate the movement, the saccade generally arrives on target. Because the oculomotor commands do not rely on immediate visual or proprioceptive feedback during the saccade (Guthrie et al., 1983) , it has long been hypothesized that the brain relies on an internal feedback mechanism that monitors ocular motor commands, estimates the position of the eyes, and corrects during the ongoing saccade for factors that could influence the efferent command and cause the movement to deviate from its intended goal (Zee et al., 1976; Optican and Robinson, 1980; Quaia et al., 1999; Xu-Wilson et al., 2009a) . Testing this hypothesis would benefit from a noninvasive technique in which the saccade motor commands could be briefly perturbed, engaging the hypothetical internal feedback system to perform within-movement corrections. However, unlike reaching movements in which the process of state-estimation can be indirectly observed by quantifying the response to an external perturbation (Bhushan and Shadmehr, 1999; Izawa and Shadmehr, 2008) , it is difficult to perturb ongoing saccades using noninvasive methods.
A few invasive studies in monkeys have demonstrated that saccades can be perturbed in flight (Keller and Edelman, 1994; Keller et al., 1996 Keller et al., , 2000 Munoz et al., 1996) . In humans, there are currently two techniques for perturbing a saccade: electrical stimulation of the face around the supraorbital nerve and a sudden noise burst (Becker, 1993; Goossens and van Opstal, 2010) . Facial stimulation disrupts the trajectory of the eyes during a saccade, producing a pause in the saccade. A sudden noise can produce a blink that perturbs the trajectory of the eyes during a saccade. Unfortunately, these techniques have significant drawbacks, as facial stimulation is painful and loud noises are uncomfortable and show habituation (Koch, 1999) .
Transcranial magnetic stimulation (TMS) is an increasingly popular tool in neuroscience. Its effects on the brain, however, are not well understood. Here, we report a novel and unexpected effect of TMS that is unrelated to the position of the TMS coil on the head. We found that when a single pulse is applied immediately before or during a saccade, it engages a startle-like neural reflex that briefly alters the ongoing oculomotor commands, slowing or even transiently stopping the eye movement. Despite this perturbation, the movement is corrected with commands that arrive later in the same saccade, accurately steering the eyes close to the target even when the target stimulus is no longer visible. Using simulations, we found that a saccade generation model with feedback control is consistent with many of the interesting features of TMS-perturbed saccades.
Materials and Methods
We tested five healthy control subjects (average age 42 years; three males and two females) as they performed visually guided saccades. All subjects gave written consent to protocols approved by the Johns Hopkins Institution Review Board.
Subjects sat in a dark room with their heads restrained with a dental bite-bar. We used a scleral search coil system to record, at 1000 Hz, horizontal and vertical eye movements of either the right or the left eye, or in one subject from both eyes (Robinson, 1963) . Eye position signals from the coils were filtered in hardware (90 Hz low-pass Butterworth), digitized (1000 Hz), and saved on a computer for later analysis. A third-order Savitzky-Golay filter was applied to the position signal to derive the velocity and acceleration signals. A 0.2°red laser beam was rear-projected onto a translucent screen located 1 m in front of the subject. Target position was varied by a servo-controlled mirror.
While all data presented here were recorded from the magnetic search coil system, we also recorded eye movements using infrared video tracking (Eyelink 1000; SR Research) in a few additional subjects. This allowed us to confirm that the perturbing effects of TMS on saccade trajectories were not due to potential artifacts of recording using search coils. Furthermore, we recorded high-resolution (500 Hz frame rate) video images of the eye in conjunction with measuring eye position using the coil system. This allowed us to have independent evidence to corroborate the perturbation of the movement of the eye that was induced by the TMS during saccades.
TMS was performed with a Magstim 200 stimulator with a maximum output of 2.2 tesla, connected to a figure-eight magnetic coil, each loop having a diameter of 7 cm. The stimulation strength varied from 50% to 60% of 2.2 tesla. In initial experiments, the TMS coil was placed at various positions on the head using MRI-guided neuro-navigation (Brainsight). As we could elicit pauses with TMS stimulation over many brain areas, we focused on stimulating the vertex, or Cz according to the EEG 10 -20 system.
The duration of saccades was determined by a 16°/s speed threshold. Abnormal saccades were excluded from analysis using global criteria that were applied to all subjects, as follows: (1) saccade amplitude Ͻ67% of the target displacement, ranging from 15°to 30°; (2) saccade reaction time Ͻ100 ms or Ͼ500 ms; and (3) abnormal saccade trajectories due to large blinks.
Saccades perturbed by TMS showed various velocity profiles. Some decelerated briefly while others came to a complete stop. A saccade was labeled as "paused" when the velocity profile had two clear peaks (Fig.  1 B) . Pause velocity was the local minimum in the velocity profile following TMS. Here we only considered local minima of Ͻ50°/s. Pause duration was the period during which velocity remained within 16°/s of the local minimum (pause velocity). The end of the pause was also the beginning of the resumed movement. The end of the resumed movement was determined using a fixed velocity threshold (16°/s).
Experiment 1: TMS at saccade onset
Pro-saccades. On each trial, subjects had to fixate on the target for a random period of 1500 -2300 ms, after which the target stepped 15°or 30°away. Horizontal, vertical, and oblique saccades were tested in separate blocks. TMS was triggered near saccade onset (30°/s velocity threshold) on randomly selected trials (probability 67%). Later analysis showed that the earliest time we could trigger TMS was ϳ5 ms into the saccade. This delay was due to online filtering of the velocity signal. We placed the TMS coil at various places on the head, including the cerebellum and parietal cortex. In three subjects, we also tested whether the sound of TMS was enough to perturb saccades by discharging the TMS coil at least 30 cm above the head. A typical experiment consisted of seven to nine sets with 48 saccades per set.
Anti-saccades. In two subjects, we considered the effect of TMS on both pro-saccades and anti-saccades. In pro-saccade blocks, subjects were instructed to look at the target. In the anti-saccade blocks, they were instructed to look to a point in the opposite direction of the target, but equal distance from fixation.
In some experiments, we blanked the target as soon as saccade onset was detected (Fig. 2) . This ensured that the corrective movement that followed the TMS-induced perturbation was not visually guided. We also performed control experiments in two subjects to measure eyelid and head movements concurrently with eye movements during saccades. In these experiments, small search coils were placed on the upper eyelid to measure lid motion, on the forehead to measure head motion, and on the eyes to measure the saccade.
Experiment 2: TMS during the saccade
To examine how timing of TMS within a saccade affected trajectories, we considered oblique saccades of 30°(21.2°in the horizontal and vertical components). This larger saccade was chosen to provide a larger window of time during which TMS could disrupt saccade trajectories. The TMS coil was always placed on the top of the head. TMS was randomly delivered near saccade onset (5 ms after saccade start) or at 15, 25, 35, 45, or 55 ms into the saccade. TMS was delivered on randomly chosen trials (70% of the trials). Because our TMS generator took ϳ4 s to charge, the smallest intertrial interval was ϳ4 s. The average time between TMS pulses was 6.4 s.
Experiment 3: TMS before the saccade
We also applied TMS at various times before the saccade. We used 15°o blique saccades symmetric around the midline (10.6°in horizontal and vertical components). We assumed a saccade latency of 180 ms and triggered TMS with respect to target onset randomly at 40, 60, or 80 ms before the expected saccade onset. We made minor adjustments of TMS timing during the experiment to ensure a good distribution of TMS times before saccade onset. For the postexperiment analysis, we grouped trials into bins according to the actual time of TMS before saccade onset. The The TMS pulse was given 5 ms after saccade onset. At ϳ66 ms, the eyes pause, and after an additional 22 ms they resume their movement to the target. The small kink in the velocity profile immediately after TMS is an artifact of the TMS pulse. C, Position and velocity traces of saccades that paused with TMS. Blue vertical line denotes time of TMS. Occasionally the corrective movement produced an overshooting of the target. In this case, a second saccade at a latency of at least 150 ms produced a final correction. TMS was placed over the cerebellum for these data.
TMS coil was always placed at the top of the head. TMS was applied randomly on 75% of the trials with an average time of 5.5 s between TMS pulses.
Neural modeling
We tested a simple feedback control model of saccades (Ramat et al., 2005) to see how well it could describe emergent properties of saccades perturbed by TMS. The key components of the model are as follows: (1) two coupled excitatory burst neuron and inhibitory burst neuron pairs; (2) the burst neurons fired at a rate that depends on the size of the difference between the current estimate of eye position and the target position; (3) the motor error calculated by integrating the velocity output from the burst neurons and then subtracting this estimate of current eye position from the desired goal of the movement-the integration served as a state estimator, providing an ongoing internal feedback to the system; and (4) the burst neurons' membranes were modeled as high-pass filters with adaptation. This design simulated the postinhibitory rebound (PIR) of burst neuron membranes and allowed the burst neurons to fire immediately after the inhibition from the omnipause neurons (OPNs) was removed. The OPN of this model is simply a gate that is open when the motor error is higher than a threshold of 2°(for detailed parameter values, see Ramat et al., 2005) . To compare feedback versus open-loop control of saccades, we inhibited the output of the burst generator either inside or outside of the feedback loop (Fig. 6 A, i and ii, respectively). The effect of TMS was simulated as a drop in the burst neuron firing rate by 150 for 30 ms. To simulate the effect of TMS by OPN reactivation (Fig. 6 A, iii) , we simply closed the OPN gate for 30 ms during the saccade to inhibit the burst neurons, while locations i and ii were left unperturbed. The OPN to burst neuron gain [kept at 10 as in the original Ramat model (Ramat et al., 2005) ] determined the amount of inhibition and therefore the amount of postinhibitory rebound in the resumed movement. The feedback delay, presumably through the cerebellum, was set at 10 ms (Keller et al., 1983) . All other aspects of the model remained unchanged.
Results
In experiment 1, we found that in 74% of the trials, TMS perturbed the saccade trajectory regardless of location of stimulation on the head. Figure 1 shows examples of saccades to targets in the horizontal direction and Figure 2 shows saccades to targets in the oblique direction. The perturbation of the saccade was always in the form of a pause in the velocity profile. These pauses were nonspecific to the location of TMS, as we observed similar effects whether we applied TMS to the top of the head, over the cerebellum, over the parietal cortex, or over the frontal lobe (Fig. 3) . The spatial nonspecificity of the effect produced by the TMS was particularly on display in the occasional trials in which we perturbed saccades by discharging the TMS coil at 30 cm above the head (Fig. 3) . Antisaccades demonstrated pauses regardless of the stimulation location just as pro-saccades did (Fig. 3C) .
The time delay from TMS to the local minimum in the velocity profile was 66 Ϯ 4 ms and the pause duration was 22 Ϯ 4 ms. Even though pauses occurred ϳ66 ms after TMS discharge, the effect of TMS in perturbing the eyes started earlier. A closer look at the velocity profiles showed that the interrupted saccades deviated from the control profile at ϳ45 Ϯ 6 ms after time of TMS (Fig. The compensatory movements (red) are often slower than saccades of comparable amplitude (black). These control saccades were taken from visually guided corrective saccades during the same experiment in the same subject. E, Group data of saccade amplitude. The final amplitude of the paused saccades after the compensatory movement was larger than control saccades. There were some trials with TMS that did not show a pause (middle bar). These saccades had end positions that were closer to the target than saccades that showed a pause, suggesting that they did not show a correction because the eye was already close to the target. TMS coil was placed over Cz during acquisition of these data.
B).
Thus, the inhibitory effect on saccades started ϳ45 ms after TMS and persisted for 32 ms before the eyes reaccelerated. The pause was present in both the horizontal and the vertical components of saccades. For example, in oblique saccades there was no difference in the slowing-time of the horizontal and vertical components ( p ϭ 0.85) and there was a significant correlation in the pause time of the horizontal and vertical components (r Ͼ 0.4 and p Ͻ 0.05) for each of the four subjects in whom we measured oblique saccades. The effect of TMS was often more pronounced in the vertical component of oblique saccades (i.e., larger amplitude of resumed movement) (Fig. 2 B) . This is likely because the vertical component was typically slower than the horizontal component and therefore needed a larger correction to reach the target.
In an experiment in which we recorded from both eyes, we observed that the pauses were conjugate. The two eyes both paused ϳ66 ms with a tight correlation in pause timing (r ϭ 0.91, p Ͻ 10 Ϫ17 ). We found no habituation in the saccade perturbations caused by TMS when the stimulation was applied to the head. The pauses occurred just as frequently early in the experiment as late in the experiment. Repeated-measure ANOVA showed no change in likelihood of saccades pausing with set number ( p ϭ 0.494) and no linear trend ( p ϭ 0.414).
Compensation for the perturbation
Despite the perturbation, the eyes were guided with subsequent motor commands that brought them close to the target. In analyzing the saccades that had paused, we found that the size of the compensatory movement was highly correlated with the remaining distance to the target (Fig. 2C) . For the subject shown in Figure 2C , the correlation between size of the compensatory movement and distance to target was r ϭ 0.79 ( p Ͻ 0.001) in the horizontal direction and r ϭ 0.59 ( p Ͻ 0.001) for the vertical direction. As a group, the correlation was, on average, r ϭ 0.79 in the horizontal direction and r ϭ 0.74 in the vertical direction. That is, the movement that immediately followed the pause had the appropriate size and direction to accurately compensate for the perturbation.
In some experiments, we blanked the target as soon as saccade onset was detected (Fig. 2) . This ensured that the corrective movement that followed the perturbation was not visually guided. We compared this with experiments in which the target was kept on during the entire saccade for four subjects. The visual condition made no statistical difference in the time it took for resumed movement to start (pause duration, p ϭ 0.4620, paired t test) nor how well the resumed movement compensated for the error during the pause (accuracy of the final endpoint, p ϭ 0.1759, paired t test). Therefore, the compensatory motor com- Velocity (deg/s) Figure 3 . Lack of sensitivity to location of TMS. Data are from experiment 1 in which there was a 67% probability of TMS on a given trial. A, Data from one subject. Control saccades are in black, saccades that exhibited a pause are in red. Subject 1 exhibited some saccades that had a pause even when there was no TMS on that trial. In the sound-only trials, the TMS coil was placed 30 cm above the head. TMS applied over the parietal cortex and the cerebellum produced similar pauses. The small kink in the velocity profiles is an artifact of TMS. B, C, Data from a second subject showing pro-saccades and anti-saccades with TMS at various locations. This subject showed almost no pauses for the no TMS and sound-only conditions, whereas TMS at different locations on the head showed similar pauses in saccades. Cz refers to the top of the head in the EEG 10 -20 system. The velocity traces are for horizontal 15°saccades.
mands that followed the perturbation did not rely on visual feedback. The compensatory movement was slower than visually triggered saccades of the same amplitude. To compare the compensatory movement with control saccades, we considered the small saccades that sometimes follow the primary saccade [i.e., a control saccade that happens to fall short and is then followed by a second saccade (Fig. 1 A) ]. The secondary saccades occurred, on average, 284 ms after completion of the control saccade and were appropriate for comparison as they had similar amplitude as well as similar starting eye position. We found that the peak acceleration of the compensatory movement was smaller than most of the control saccades of the same amplitude (Fig. 2 D) . For each subject, a one-way analysis of covariance (ANCOVA) was conducted. The independent variable was peak velocity or peak acceleration (for oblique saccades, we used tangential peak velocity and tangential peak acceleration as the independent variables). Dependent variables were amplitudes of compensatory movement and control saccades. After adjusting for saccade amplitude, ANCOVA showed that the compensatory movement was significantly slower than control saccades for all subjects by 18°/s for peak velocity ( p Ͻ 0.005) and 3.2 ϫ 10 3°/ s 2 for acceleration ( p Ͻ 10 Ϫ9 ). Without TMS, the saccade toward a visual target typically falls slightly short. However, we found that the final amplitude of a perturbed saccade was, on average, larger than a control saccade by 0.83°( p Ͻ 0.05, two-tailed t test) (Fig. 2 E) . That is, whereas control saccades were slightly hypometric, the compensation that followed the perturbed saccades made the saccade less hypometric.
We labeled a saccade as being perturbed if, in response to TMS, the eye trajectory exhibited a pause. A minority (26%) of TMS saccades did not show a pause. These TMS no-pause saccades exhibited two curious properties, as illustrated in Figure  2 E: (1) their amplitudes were generally smaller than control saccades by 0.84°( p Ͻ 0.05, paired t test) and (2) their amplitudes were generally 1.10°larger than the initial amplitudes of saccades that paused and resumed ( p Ͻ 0.01, paired t test). We conjecture that many of the TMS no-pause saccades were in fact perturbed (as evidence by their smaller mean amplitude), but did not show a correction because the movement ended close enough to the goal so that an immediate correction was unnecessary (on average ϳ2.5°away).
Spatial nonspecificity of TMS perturbations of saccades
In preliminary experiments, we placed the TMS coil using MRI guided neuro-navigation. However, we soon realized that we could elicit pauses with TMS over many brain areas. Data of horizontal pro-saccades from two subjects are shown in Figure 3 , A and B. For all but one subject (Fig. 3A, subject 1) , no-TMS saccades did not exhibit pauses (Fig. 3B, subject 2) . Subject 1 had saccades that exhibited a pause in a small number of no-TMS trials (17%). For this subject, placement of the TMS coil in air at 30 cm above the head (sound-only condition) increased the probability of pause to 45%. However, this subject did not always show the same frequency of pauses in different sessions of the experiment. In some sessions, a particular stimulation site produced more pauses than other regions, such as with cerebellar stimulation in subject 1 (Fig. 3A) . However, this was not consistent from session to session. Regardless of the variability among subjects and within subjects across different sessions, TMS applied over the parietal cortex, the cerebellum, frontal lobe, or the vertex all produced similar pauses (Fig. 3 A, B) with statistically similar pause timings for all sites.
The lack of specificity of the TMS stimulation might be due to the widespread networks involved in generating reflexive saccades (so-called pro-saccades). We therefore tested anti-saccades, which are more voluntary in nature and especially reliant on the frontal lobe. We applied TMS over the vertex, cerebellum, and frontal lobe during anti-saccades (Fig. 3C) , all of which produced clear pauses in saccades. Pauses in anti-saccades occasionally occurred slightly earlier (by as much as 20 ms) compared with pro-saccades in this particular subject, but were no different from pro-saccades in other subjects.
Eyelid and head movements during saccades
What was the mechanism with which the TMS perturbed saccades? One possibility is that TMS led to an eye blink or head movement that altered the trajectory of the eyes. To test for this, we placed a small search coil on the upper eyelid or the forehead. In this way, we were able to record the motion of the globe and eyelid or head simultaneously.
Examples of lid motion during voluntary blinks are shown in Figure 4 A. We can compare the amplitude of the lid displacement during these voluntary blinks to the lid motion that is occasionally produced due to TMS. For example, when TMS is applied during fixation, it occasionally produces a blink. When we applied TMS at random times during fixation, we found that in response to the first few pulses there was a blink (Fig. 4 B) . However, the TMS-induced blinks during fixation rapidly habituated within eight trials (Fig. 4 B) . Figure 4C shows horizontal saccades of a subject. Little lid movement occurred with horizontal saccades (Fig. 4C, bottom, black lines) . When a TMS pulse was applied and produced a saccade with a pause, the motion of the lid was indistinguishable from the movements of the lid in a control saccade. Occasionally, the lid did show a movement that may have been due to the TMS (Fig. 4C ), but this movement was never as big as one that we observed in a voluntary blink (Fig.  4 A) . Therefore, during horizontal saccades, the application of TMS altered the trajectory of the eye but not the lid. This suggests that the perturbation to the eye trajectory was not due to a mechanical interaction with a TMS-induced lid movement or a blink.
In vertical saccades, we found further evidence for the idea that the perturbations to the eye trajectory were not due to a mechanical interaction with the eyelids. Unlike in horizontal saccades, during vertical saccades the eyelids move substantially, producing a coordinated movement that includes a lid saccade (Becker and Fuchs, 1988) as well as an eye saccade (Fig. 4 D) . When we applied TMS during vertical saccades, we saw a clear pause in both the motion of the eyes and the motion of the lids. Indeed, in 86% of trials in which the eye trajectory exhibited a pause, the lid trajectory also exhibited a pause. For TMS trials that did not show pauses in the eye trajectory, there were also no pauses in the lid trajectory. Following the pause, as the corrective movement brought the eyes to the target, the eyelids also exhibited a motion that resembled a corrective movement. In summary, in saccades for which there was a coordinated movement of the eyes and the lid, application of TMS produced a pause in both movements.
Despite the fact that subjects were using bite-bars, it is possible that TMS might have induced small head movements, which could, in principle, have caused the perturbation in eye trajectory. To check for this, we recorded head movements using a search coil. We found no evidence for motion of the head as a consequence of brain stimulation (for data for stimulation of the head over the cerebellum, see Fig. 4 E) . Therefore, perturbation of the eye trajectory was not due to TMS-induced head or eyelid motion.
Effect of varying the timing of TMS
A 15°control saccade typically lasts 75 ms. The pause that we observed in TMS perturbed saccades at a latency of ϳ66 ms (with respective to time of TMS), meaning that the pause came near the end of the movement. We interpreted the pause as an inhibition of the ongoing ocular motor commands and wondered whether we would observe a similar inhibition at similar delays for saccades that had longer durations. Therefore, in experiment 2, we systematically varied the timing of the TMS pulse with respect to saccade onset for 30°oblique saccades. Figure 5A displays the effect of TMS on saccade velocities. We observed that, whereas TMS applied early in the saccade transiently slowed the eyes but did not produce a pause, TMS applied late in the saccade could stop the eyes. We quantified the effect of TMS by subtracting the eye velocity in perturbed trials from the eye velocity in the control trials. We found that the amount of perturbation to the velocity profile was similar at all TMS times. On average, TMS induced a 44.6°/s drop ( p Ͻ 0.05) in velocity from that of control saccades. The maximum drop in velocity occurred at 63.8 ms and started ϳ45 ms, and this timing stayed invariant for all TMS times tested. The final amplitude of interrupted saccades overshot by 1.1°c ompared with uninterrupted saccades, but the amount of overshoot was not correlated with time of TMS.
We also explored the effect of TMS when it was applied before the onset of the saccade. In experiment 3, subjects made 15°oblique saccades while TMS was triggered with respect to target onset in such a way as to arrive before the expected onset of the saccade. We found that three of four subjects showed shorter saccade latency with earlier TMS (with a positive and significant correlation between saccade latency and time of TMS with respect to target onset, p Ͻ 0.05). Maximum drop in latency of 24 ms occurred for the earliest TMS time. Decreased saccade latency is consistent with the finding that startle can speed up externally triggered saccades (Castellote et al., 2007) . Two subjects showed higher saccade velocity with TMS arriving 60 ms before saccade onset (ϳ30°/s faster, but no change in amplitude). When TMS arrived 80 ms before saccade onset, the saccade appeared to be unperturbed. TMS at Ϫ40 ms slowed the saccade, and at Ϫ20 ms or closer to saccade onset, the saccades paused.
Model and simulations
The perturbation of eye trajectories provided us with a new way to study feedback control processes during a saccade. The fact that perturbed saccades were corrected in flight suggests that an internal feedback system monitors the ocular motor commands, estimates the state of the eyes during a saccade, and corrects for potential perturbations. To test this idea, we used a previously published feedback control model of saccades (Ramat et al., 2005) and imposed perturbations on the motor commands at various nodes in the brainstem circuit. We imagined that TMS could have perturbed the oculomotor commands either within the feedback loop (feedback), in which the cerebellum could respond to the perturbation, or downstream of it (open-loop), in which the cerebellum could not have responded (Fig. 6 A) . Figure 6 B shows simulations of open-loop versus feedback controller in response to TMS perturbations. We see that in the open-loop condition, disruption of the motor commands always produces a saccade that falls short of the control saccade. In contrast, in the feedback condition, the same disruption produces a perturbed saccade that is corrected by subsequent motor commands, bringing the eye to the control location. While it is not surprising that feedback can guide perturbed saccades to the tar- When TMS is applied during vertical saccades, it produces a pause in both the motion of the eye and the lid. This is followed by a corrective movement in both structures. Black lines are control trials (no TMS) and red lines are TMS trials that induced a pause. The blue vertical line indicates time of TMS. The TMS coil was placed over the cerebellum during acquisition of these data. E, No head movement occurred during TMS. a.u., Arbitrary units; vert., vertical.
get, a feedback control system with an accuracy criterion explains why some TMS trials in our data produced hypometric saccades that were not followed by a compensatory movement. These saccades were likely already close enough to the target and therefore did not reach threshold to trigger a correction. Our simulations support the idea that a feedback process is constantly checking the progress of the saccade commands against an internal accuracy criterion and actively compensating for perturbations like those induced by TMS. The Ramat model (Ramat et al., 2005) nicely explains another interesting feature of our data: resumed movements are slower compared with normal saccades of comparable size. Slower resumed movements can be related to the hypothesized PIR property of burst neuron membranes. PIR has been proposed to be a property of saccade burst neurons and contribute to the initial saccade burst when prolonged inhibition from the OPNs is released (Enderle, 2002; Miura and Optican, 2006) . Without this prolonged inhibition, the burst neurons do not fire as vigorously for the resumed movement. Our simulations showed that with PIR as a property of burst neurons, the corrective movement had a lower peak acceleration compared with normal saccades of the same size. Without PIR, resumed movements and normal saccades of the same size had the same peak acceleration (Fig. 6C) .
Studies in experimental animals have been able to induce pauses in saccades by activating OPNs during saccades, thereby inhibiting output of the burst neurons (Keller et al., 1996) . OPNs could be reactivated as a result of inhibition of the caudal superior colliculus by the trigeminal system (Goossens and Van Opstal, 2000) or perhaps by activation of other pathways to the OPN (Langer and Kaneko, 1990) . We simulated OPN reactivation during saccades and found that saccades paused and resumed much like interrupted saccades produced by lowering burst neuron firing rates (Fig. 6 B) , but with one key difference. Simulation of pauses with OPN reactivation produced interrupted saccades with final positions that were hypermetric compared with uninterrupted saccades (Fig. 6 D) , which is in agreement with another interesting feature found in our data. This is because during the pause period, the burst neurons are inhibited by reactivated OPNs, resulting in more vigorous firing of the burst neurons after the pause period (though not as vigorous as for saccades of the same size made after a normal prior fixation period). The inherent delay in the feedback loop does not allow for complete compensation of this overshoot. In this way, we can account for the seeming paradox that resumed saccades are slower than normal saccades of comparable size and yet are still hypermetric compared with uninterrupted saccades. In summary, many interesting features of the data (some perturbed saccades do not resume, hypermetricity in paused saccades, and slower resumed movements after the pauses), although seemingly random at first glance, are actually consistent with a feedback control model of saccade generation.
Discussion
A single TMS pulse applied to the head inhibited ongoing saccades with a delay of 45 ms and lasted 32 ms. This inhibitory effect was followed by motor commands that accurately compensated for the perturbation and brought the eyes to the target. TMS perturbed both pro-saccades and anti-saccades. The location of TMS was not critical, as we observed similar effects when TMS was applied on top of the head, over the cerebellum, or over the parietal cortex. Thus, we have discovered a novel way to disturb premotor oculomotor commands and unmask an internal feedback control system.
TMS may engage a startle-like circuitry
The effect of TMS was not through generation of a blink, as lid movements did not correlate with eye perturbations during horizontal saccades (Goossens and van Opstal, 2010) . Furthermore, we found that in vertical saccades, TMS produced a pause in both the motion of eye and lid, removing the possibility of lid motion TMS at Ϫ120 to Ϫ60 ms did not interrupt saccades. TMS at Ϫ40 ms slowed the saccade, and at Ϫ20 ms or closer to saccade onset it paused it. TMS coil was placed over Cz during acquisition of these data.
causing a pause in the eye motion. Nor was the effect of TMS through direct excitation of the extraocular muscles or head motion, as this or any other kind of mechanical perturbation of the eye plant would not allow for in-flight compensation. Cocontraction could be another TMS effect but would be unlikely to stop the saccade. The TMS-induced pauses are qualitatively similar to those induced by electrical stimulation of OPNs (Keller et al., 1996) or stimulation of rostral superior colliculus (Munoz et al., 1996; Gandhi and Keller, 1999) , in that interrupted saccades are followed by a resumed movement, but the final amplitude tends to be hypermetric compared with control saccades. Therefore, it seems possible that TMS engages a circuit that affects the OPN and/or the superior colliculus.
Similar pauses in saccades have been observed with sudden sound and light stimuli, air-puffs, or surface electrical stimulation of the supraorbital nerve (Evinger et al., 1982; Becker, 1993; Goossens and van Opstal, 2010) . The sound of TMS alone can engage the startle system (VallsSolé et al., 1999) . In fact, magnetic stimulation of the supraorbital nerve has been suggested as a way of studying the startle system (Bischoff et al., 1993) . We found that the sound of TMS alone could perturb saccades. However, the perturbation was more robust when the TMS was applied directly to the head. This is consistent with Becker's (1993) observation that stimulation of the supraorbital nerve was more effective in pausing saccades than noise or light. It seems plausible that TMS on the head produced a synchronized multimodal activation of the startle system, as stimuli that produce synchronized tactile, acoustic, and vestibular activations engage the startle system more strongly .
The saccade and startle systems overlap in circuitry. The reticular formation in the brainstem, critical in generating the startle response, houses the saccade burst generators (Büttner-Ennever and Horn, 2004) and receives acoustic, tactile, and vestibular inputs . The superior colliculus (SC), another part of the saccade circuitry, receives afferents from many regions including the sensory trigeminal nucleus, and stimulation of different regions in the SC can elicit orienting responses and startle reflexes (Dean et al., 1989; Lin et al., 2002) . TMS could be perturbing saccades by altering the activity in the reticular formation and/or the superior colliculus.
Another reason to suspect engagement of the startle system is that its circuitry is not specific to the oculomotor system, but projects to all motor areas (Carlsen et al., 2011) . Indeed, we found that TMS induced a synchronized inhibition of the motor commands to both the eye and lid muscles in vertical saccades. Siebner et al. (1999) showed that TMS has an inhibitory effect on the ongoing motor commands to the hand at a latency of 40 ms, and this effect is present whatever part of the head is stimulated. The synchronized inhibitory effect of TMS on ongoing hand, eye, and lid motion, and its spatial nonspecificity, are consistent with the possibility that a single TMS pulse engages a startle-like reflex that inhibits ongoing motor commands.
We observed no habituation in response to TMS, contrary to Becker's (1993) finding that saccades interrupted by sound, light, and supraorbital stimulation all showed some habituation. This is surprising as habituation is a common feature of the startle reflex. However, startle can show rapid or little habituation depending on the stimulus. For example, startle in response to sound and light shows more rapid habituation than in response to tactile stimuli such as air puffs (Geyer and Swerdlow, 1998) . The lack of habituation in TMS may be due to its multimodal nature, or applying TMS during a reaction time task may decrease habituation (Carlsen et al., 2003) . A feature of startle that remains to be tested is prepulse inhibition, which predicts that a startle stimulus given within 30 -120 ms before the TMS pulse would remove its inhibitory effect on saccades (Braff et al., 2011) .
TMS unmasks a feedback controller
The perturbation induced by TMS was followed by motor commands that compensated and brought the eyes near the target. Our results provide strong evidence in favor of the hypothesis that saccades are not open-loop, but rather rely on internal feedback that continuously monitors the outgoing motor commands and estimates the current state of the eyes. Robinson proposed such an internal feedback loop and a number of investigators have suggested that the cerebellum contains a forward model, using efference copy of ocular motor commands to perform state estimation (Robinson, 1975; Quaia et al., 1999) and may then send this information to other oculomotor regions such as the superior colliculus (Arai et al., 1999; Soetedjo et al., 2002) . Our earlier work demonstrated that natural variability in motor commands that initiate saccades are present in both healthy and cerebellar subjects, but whereas in healthy subjects this variability is corrected with commands that arrive later in the same saccade, in cerebellar patients the compensatory motor commands are missing (Xu-Wilson et al., 2009a) . This framework predicts that cerebellar patients will have reduced or inaccurate compensatory motor commands in response to TMS-induced perturbations of saccades, a prediction that remains to be tested. Our modeling points to feedback control and PIR as explanations of how interrupted saccades can sometimes be hypometric and other times hypermetric (if a resumed movement takes place). PIR is a property of some cell types that, at the offset of hyperpolarization, produces a rebound discharge mediated by low-threshold Ca 2ϩ channels (Perez-Reyes, 2003) . PIR has been proposed to be a property of saccade burst neurons and to contribute to the saccade burst after prolonged inhibition from the OPNs (Enderle, 2002; Miura and Optican, 2006) . Diminished inhibition during the pause period would lead to less vigorous firing of the burst neurons during the resumed movement and render them slower compared with comparably sized saccades that occur after a normal period of fixation. Such a phenomenon may account for the slowing of saccades when they are made under closed eye (Shaikh et al., 2010) , as OPNs remain off during sustained eye lid closure. In turn, burst neurons would not be hyperpolarized to the usual degree during fixation so that when the saccade begins PIR is less and the saccade is slower. Another reason why resumed movements could be slower than normal saccades is that they are memory driven rather than visually driven. To examine this possibility, we compared normal corrective saccades made in the dark versus those made with the target on (up to 4°in amplitude) and found no significant difference in the relationship of saccade amplitude to peak velocity. It could also be that corrective movements driven by feedback mechanisms alone are slower, without the benefit of the full entourage of signals driving saccade burst neurons within the brainstem. Clearly, neurophysiological studies are needed to clarify exactly how corrective movements are generated.
The use of TMS in studying functions of the brain TMS is generally viewed as a tool to disrupt the neural circuitry near the stimulation site. Our results paint a more complex picture and force us to reinterpret some earlier TMS studies, as well as serve as a caveat when interpreting the effects of TMS on motor and even cognitive behaviors. For example, Hashimoto et al. (1995) reported that TMS of the cerebellar vermis produced hypermetric ipsilateral and hypometric contralateral saccades. We systematically applied TMS to the back of the head, which presumably stimulated various parts of the cerebellar vermis. However, we did not observe any consistent effects to suggest that cerebellar function had been altered, although our stimulation may not have reached the 3-4 cm depth required to stimulate the cerebellar vermis. Rather, the only difference in applying TMS to the cerebellum was that the pauses occurred more frequently in one subject. Perhaps TMS on the back of the head more strongly engaged the startle pathways . Hashimoto and Ohtsuka (1995) did not report any pauses, though some saccades reversed direction briefly, which could indicate a TMSinduced perturbation. Thus, the nonspecific TMS-induced startle response is a potential confound when TMS is used to study the function of the brain.
